Polycomb Group (PcG) proteins mediate heritable gene silencing by modifying chromatin structure. An essential PcG complex, PRC1, compacts chromatin and inhibits chromatin remodeling. In Drosophila melanogaster, the intrinsically disordered C-terminal region of PSC (PSC-CTR) mediates these noncovalent effects on chromatin, and is essential for viability. Because the PSC-CTR sequence is poorly conserved, the significance of its effects on chromatin outside of Drosophila was unclear. The absence of folded domains also made it difficult to understand how the sequence of PSC-CTR encodes its function. To determine the mechanistic basis and extent of conservation of PSC-CTR activity, we identified 17 metazoan PSC-CTRs spanning chordates to arthropods, and examined their sequence features and biochemical properties. PSC-CTR sequences are poorly conserved, but are all highly charged and structurally disordered. We show that active PSC-CTRs-which bind DNA tightly and inhibit chromatin remodeling efficiently-are distinguished from less active ones by the absence of extended negatively charged stretches. PSC-CTR activity can be increased by dispersing its contiguous negative charge, confirming the importance of this property. Using the sequence properties defined as important for PSC-CTR activity, we predicted the presence of active PSC-CTRs in additional diverse genomes. Our analysis reveals broad conservation of PSC-CTR activity across metazoans. This conclusion could not have been determined from sequence alignments. We further find that plants that lack active PSC-CTRs instead possess a functionally analogous PcG protein, EMF1. Thus, our study suggests that a disordered domain with dispersed negative charges underlies PRC1 activity, and is conserved across metazoans and plants.
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intrinsically disordered protein | protein evolution R egulation of chromatin structure occurs through covalent modification of histone proteins, and noncovalent effects on chromatin structure and folding (1, 2) . Chromatin modifying enzymes add or remove posttranslational modifications of histone proteins through structured domains, which are readily identified through sequence alignments and predicted structure comparisons. On the other hand, proteins that alter chromatin folding and compaction frequently use intrinsically disordered regions. These domains tend to evolve more rapidly, making it difficult to track their activity across evolution using sequence alignments (1) .
An essential set of chromatin-based regulators are the Polycomb Group (PcG) proteins, which mediate heritable gene silencing through the modification of chromatin structure (2) . They have been implicated in a wide variety of biological processes, ranging from genome imprinting (3), cell cycle regulation (4), mammalian X-chromosome inactivation (5) , and the maintenance of stem cell identity (6) . PcG proteins are also misregulated in cancer and contribute to cancer progression (7) . PcG proteins assemble into multiprotein complexes, with different biochemical activities toward chromatin (2) . One PcG complex, PRC2, methylates histone H3 on lysine 27 through the SET domain of one of its subunits, Enhancer of Zeste [E(Z)] (8) . PRC2 and its enzymatic activity are clearly conserved across metazoans and plants (9) , as reflected by sequence alignments of the SET domain in diverse genomes (10) . Another PcG complex, Polycomb Repressive Complex 1 (PRC1), consists of four "core" subunits: RING, Posterior sex combs (PSC), Polycomb (PC), and Polyhomeotic (PH), all of which are essential in Drosophila (11, 12) . Several in vitro activities have been described for PRC1, all of which entail the noncovalent modification of chromatin structure. These include chromatin compaction (13) , inhibition of chromatin remodeling (14) , and repression of transcription from DNA and chromatin templates in vitro (14) . Two PRC1 subunits-RING and PSC-are also present in a distinct complex, dRAF, which functions as an E3 ligase to stimulate the covalent modification of chromatin through H2A ubiquitination (15) .
The PRC1 subunit PSC is sufficient for its noncovalent effects on chromatin structure (11, 13, 16) . PSC is a large protein with a conserved motif near its N terminus containing a RING and RAWUL domain (17) (18) (19) . This region is important for assembly of PSC into PRC1 and likely its activity in Polycomb complexes (17, 20) . The C-terminal region (CTR) of the protein is necessary and sufficient for PSC effects on chromatin structure. Nonsense mutations that encode truncations of most of the CTR are severe hypomorphs, and disrupt PcG-dependent gene silencing in vivo (16, 21) . The truncated proteins also lack PSC's effects on chromatin in vitro, indicating that these biochemical activities are central to its biological function.
The primary sequence of PSC-CTR is poorly conserved even within the dipterans (20) , rendering it difficult to identify conserved sequence features that encode its biochemical activities. In addition, a paralogue of PSC in Drosophila melanogasterSuppressor 2 of zeste [Su(z)2]-has a CTR of similar biochemical function to PSC-CTR, even though their primary sequences are poorly conserved, according to Lo et al. (20) . Su(z)2 shares high sequence similarity with PSC only in the N-terminal domain (20, 22, 23) . The CTRs of PSC and Su(z)2 share unusual amino acid compositions, and are both predicted to be disordered, leading to the hypothesis that these properties underlie their conserved activity. The poor sequence conservation of the PSC-CTR has also made it difficult to determine the extent of its evolutionary conservation beyond Drosophila (20) .
To determine essential sequence properties encoding PSC-CTR activity, and to assess the extent of its evolutionary conservation, we identified 17 metazoan PSC-CTRs and compared their sequences and biochemical activities. We find that biochemically active PSC-CTRs are present in widely diverged species despite the lack of sequence similarity, indicating they are broadly conserved in function but not primary sequence. We identified sequence properties shared by active PSC-CTRs, which bind DNA tightly and inhibit chromatin remodeling efficiently. Importantly, we determined that the presence of extended contiguous negative charge impairs PSC-CTR activity. Our work illustrates the importance of using empirical measurements, rather than sequence alignments, to assess the functional properties of PSC-like proteins. The mechanistic and evolutionary features of PSC-CTR uncovered in this study may be generally relevant to chromatin-binding proteins, which commonly possess similar intrinsically disordered regions (24) .
Results
Large, Intrinsically Disordered PSC-CTRs Are Present in a Wide Sampling of Invertebrate Taxa. To assess the conservation of PSC-CTR sequence and function, we assembled a comprehensive set of PSC-CTRs by querying 30 diverse metazoan and plant genomes for PSC homologues using the conserved N terminus of D. melanogaster PSC. This region contains a RING-finger domain (InterPro domain IPR001841). Our search encompassed both deuterostome and protostome lineages within the bilaterian clade, yielding 154 PSC-like genes (Table S1 ). The Su(z)2 gene was also classified as a PSC-like gene, as it is a paralogue of PSC. The amino acid sequence downstream of the RING-finger domain was designated as the CTR for each PSC-like gene (see Materials and Methods for annotation procedure).
We selected 17 PSC-CTRs for biochemical analysis. These proteins exhibit gross features similar to the CTRs of D. melanogaster PSC and Su(z)2. In particular, they are large (>350 amino acids) and the majority of each sequence is predicted to be structurally disordered (Fig. 1D) . The species from which we selected PSCCTRs range from closely related homologues within the Drosophilids, to distant homologues in annelids, mollusks, and chordates ( Fig. 1D and Table S1 ). ClustalW alignments of PSC homologues yielded significantly higher alignment scores for the N-terminal "homology region" than the CTR (P < 10 −29 , two-sample t-test with unequal variance; Fig. 1C ), indicating that CTR sequences are poorly conserved. Epitope-tagged PSC-CTRs were expressed in Sf9 insect cells, and purified by immunoaffinity chromatography (Fig. 1E ). We measured two properties of PSC-CTRs, which are well characterized for D. melanogaster PSC-CTR: DNA binding, and inhibition of chromatin remodeling.
Diverse Metazoan PSC-CTRs Bind DNA Tightly and Inhibit Chromatin Remodeling. We measured the apparent K d of each PSC-CTR for dsDNA by double filter binding (25) . All of the tested PSCCTRs bind DNA. Most bind with high affinity (K d less than 8 nM); two PSC-CTRs, Daphnia pulex PSC1-CTR and PSC2-CTR bind more weakly (K d of 16.27 AE 6.13 nM and 34 nM, respectively) ( Fig. 2 and Fig. S1A) . As a control, we measured the apparent K d of D. melanogaster PSC-CTR as 1.43 AE 0.64 nM (Fig. 2 and Fig. S1A ), similar to that of full-length PSC (11) .
We then measured the ability of each PSC-CTR to inhibit chromatin remodeling using a restriction enzyme accessibility (REA) assay. In this assay, the chromatin remodeling factor human SWI/SNF uses the energy of ATP hydrolysis to expose a nucleosome-occluded restriction enzyme site in an array of nucleosomes, increasing its digestion (26, 27) . Preincubation of the nucleosomal template with D. melanogaster PSC-CTR blocks the activity of SWI/SNF, resulting in decreased digestion of nucleosomal restriction sites (16) . The inhibition of chromatin remodeling can thus be measured by the extent of digestion at a nucleosomeoccluded restriction site. D. melanogaster PSC-CTR inhibited remodeling by 50% at a concentration of 2 nM (Fig. 2 and Fig. S1B ), similar to the previously reported value (16) .
PSC-CTRs inhibited chromatin remodeling in a concentration-dependent manner, but with varying efficiencies (Fig. 2 and Fig. S1B ). Importantly, they did not alter the level of background restriction enzyme digestion by HhaI when incubated with chromatin template in the absence of chromatin remodeler (compare first and second lanes in Fig. S1B ). This indicates that chromatin remodeling, and not restriction enzyme digestion, is specifically inhibited. The 15 PSC-CTRs that bound DNA most tightly also inhibited chromatin remodeling with high efficiency, with 50% inhibition points from 1 to 7 nM. In contrast, D. pulex PSC1-CTR and PSC2-CTR required concentrations of 34 nM and 159 nM, respectively, to achieve 50% inhibition of remodeling, corresponding to an approximately 17 and approximately 80-fold lower efficiency than D. melanogaster PSC-CTR. A modest correlation was observed between the affinity for DNA and the efficiency of inhibition of chromatin remodeling among repressive PSC-CTRs (r ¼ 0.532, P ¼ 0.041). Intuitively, this correlation is expected since chromatin binding is likely mediated at least in part by DNA binding, and must be important for inhibition of chromatin remodeling. However, the weak correlation suggests that the two assays reflect at least partially distinct properties of the PSC-CTR, and that DNA binding alone is likely not sufficient for inhibition of chromatin remodeling, which is supported by previous analysis of D. melanogaster PSC (28) . We conclude that most of the large and disordered PSC-CTRs that we tested experimentally indeed share similar biochemical activities with D. melanogaster PSC-CTR.
Repressive PSC-CTRs Do Not Share Conserved Sequence Motifs. Having identified and experimentally characterized 17 PSC-CTRs, we performed a comparative sequence analysis to identify shared properties that might explain their activity. Because D. pulex PSC1-CTR and PSC2-CTR both bind DNA and inhibit chromatin remodeling less well than any of the others, we designated these two as "nonrepressive" and the remaining 15 as "repressive." This allowed us to look for distinguishing sequence features that are specific to repressive CTRs, as well as common properties that are shared between both repressive and nonrepressive PSC-CTRs. Using the MEME suite, we queried all repressive PSC-CTRs for conserved sequence motifs, but were unable to find any. These data are consistent with the poor sequence conservation of the CTR (Fig. 1C) , and indicate that repressive PSC-CTR sequences are highly divergent in sequence despite their functional similarity in vitro.
Analysis of Sequence Properties in PSC-CTRs. Because repressive PSC-CTRs are poorly conserved in primary sequence, we hypothesized that "architectural" sequence features, such as the distribution of charged amino acids, may give rise to their similar biochemical properties. We further predicted that at least one such architectural property should distinguish repressive and nonrepressive PSC-CTRs.
Because it is likely that electrostatic forces contribute to the interaction between PSC-CTR and negatively charged chromatin, we examined the charge features of repressive and nonrepressive PSC-CTRs to identify shared and distinguishing properties of PSC-CTRs. Indeed, almost all PSC-CTRs exhibit higher overall charge than the average protein in the UniProt Knowledgebase (Fig. 3A) . However, net charge did not distinguish repressive from nonrepressive PSC-CTRs (0 of 4 nonrepressive PSC-CTRs separated) (Fig. 3A) . We were also unable to fully distinguish repressive and nonrepressive PSC-CTRs by percent positively charged residues, percent negatively charged, percent polar amino acids, or percent nonpolar amino acids (Fig. S2) . Both repressive and nonrepressive PSC-CTRs also have similar overall compositions of polar, nonpolar, and negatively charged amino acids and similar levels of structural disorder that deviate from the UniProt average, regardless of their repressive activity ( Fig. S2 and Table S1 ). We conclude that all experimentally tested PSC-CTRs share overall charge, amino acid composition, and predicted intrinsic disorder.
Local Charge Properties Distinguish Repressive and Nonrepressive
PSC-CTRs. The local distribution of charged residues-rather than overall charge-could define PSC-CTR activity. We measured the local charge distribution of all PSC-CTR sequences by calculating the net charge within each window of size 25 amino acids in each protein sequence. We then devised a number of quantitative metrics to characterize this local charge distribution. We quantified the fraction of 25 amino acid windows in each PSC-CTR with charge greater than þ3.5, but this metric could not distinguish active from inactive PSC-CTRs (Fig. 3A) . The fraction of windows in each PSC-CTR with charge less than −3.5 also failed to distinguish activity (Fig. S2 ). We then tested whether the maximum positive or negative charge attained in a window for each protein was able to distinguish activity ( Fig. 3A and Fig. S2 ), and found that they were unable to do so. However, the maximum number of contiguous negatively charged windows that occur within PSC-CTR, normalized by the sequence length (henceforth abbreviated as "maximum contiguous negative charge") distinguishes repressive PSC-CTRs ( Fig. 3 B and C) . This result is robust for window sizes ranging from 15 to 40 sequence residues (Fig. S3) . In contrast, the maximum number of contiguous positively charged windows, normalized by sequence length, does not differentiate the two groups (Fig. 3A) .
To directly test the functional importance of contiguous negative charge, we sought to "activate" a nonrepressive PSC-CTR by lowering its maximum contiguous negative charge without changing its amino acid composition or net charge. The primary sequence of D. pulex PSC1-CTR was rearranged (as described in Materials and Methods) to decrease the maximum contiguous negative charge without creating domains of high positive charge or altering overall charge. The resulting protein was named PSC-act1 ( Fig. 3 D-F ; and protein sequence in Table S2B ) and tested for biochemical activity. Strikingly, PSC-act1 exhibited an approximately 8.5-fold increase in affinity for DNA, with a measured K d of 1.92 AE 0.48 nM (Fig. 3G ). PSC-act1 also inhibited chromatin remodeling approximately 3.5-fold more efficiently, achieving 50% inhibition of remodeling at 10 nM (Fig. 3G) . Thus, PSC-act1 is clearly more active than the nonrepressive D. pulex PSC1-CTR, which exhibited an apparent K d of 16.27 AE 6.13 nM, and a 50% remodeling inhibition point at 34 nM. We conclude that an extended stretch of contiguous negative charge can dis- A similar contaminant was purified away from D. melanogaster PSC through gel filtration chromatography and shown not to be active (15) . The region in each "parent" PSC protein corresponding to PSC-CTR is listed in Table S2B .
rupt PSC-CTR function, since the redistribution of negative charge away from this region clearly increases activity. Intuitively, dense positive charge within PSC-CTR could facilitate its interaction with negatively charged chromatin (29) . To test this directly, we rearranged charged residues within PSCact1 (as described in Materials and Methods) to create dense positively charged patches without altering overall charge or maximum contiguous negative charge. The biochemical properties of the resulting protein-named PSC-act2 (Fig. 3 D-F ; and protein sequence in Table S2B )-were assessed through filter binding and REA assays. Indeed, PSC-act2 was more active than PSC-act1, exhibiting an approximately twofold increase in affinity for DNA (K d ¼ 0.97 AE 0.34 nM) and an approximately 3.5-fold increase in efficiency of inhibition of chromatin remodeling (50% inhibition point ¼ 3 nM) (Fig. 3G) . We note that repressive and nonrepressive PSC-CTRs could not be distinguished by the size or number of positively charged domains, nor the magnitude of positive charge in these domains (see "Max contiguous positive charge," "Fractional positive charge," and "Max positive charge" metrics in Fig. S2 ). However, the number of domains with high positive charge and the magnitude of positive charge in these domains are significantly correlated with the ability of repressive PSC-CTRs to inhibit chromatin remodeling (Fig. S4 A-F) . This correlation is robust over a range of thresholds used to quantify charged patches. Together, these data suggest that multiple patches of high positive charge contribute to PSC-CTR activity.
Predicting PSC-CTR Activity Through Sequence-Based Criteria. From the sequence analysis of PSC-CTRs, we were able to identify features shared by all PSC-CTRs (amino acid composition, length, intrinsic disorder) and one that distinguishes repressive and nonrepressive PSC-CTRs (extent of contiguous negative charge per length of protein). Using these features, we formulated a set of sequence criteria to identify proteins with PSC-CTR-like activity (see Materials and Methods).
To validate these criteria, we asked whether they could successfully predict PSC-CTR-like activity in other proteins. The ExPASy AACompSim tool (30, 31) was used to query the D. melanogaster proteome for candidates with amino acid composition similar to PSC-CTR. The closest match to PSC-CTR was Su(z)2, followed by an unknown protein (y5098_DROME), and the transcriptional regulator Jing. Previous studies indicate that Jing mediates the repression of proximal-distal patterning genes homothorax and teashirt during D. melanogaster development, reminiscent of the role of PSC in silencing developmental genes (32) . Genetic interactions were also observed between jing and Polycomb (32) . The N-terminal region (NTR) of Jing lies upstream of a series of C2H2-type zinc fingers (33) (Fig. S5A) . It is predicted to be largely disordered, and exhibits low maximum contiguous negative charge, similar to repressive PSC-CTRs (Fig. S5B ). We expressed and purified Jing-NTR from baculovirus-infected Sf9 cells (Fig. S5B) , and assessed its biochemical properties. It bound to free DNA with a K d of 3.0 AE 2.0 nM (Fig. S5C ) and achieved 50% inhibition of chromatin remodeling at a concentration of 9 nM (Fig. S5D ), indicating that Jing-NTR is biochemically equivalent to PSC-CTRs in these assays. Thus, our sequence-based criteria identified a protein with PSC-CTR-like activity, even though it exhibits low levels of sequence similarity to PSC-CTR.
PSC-CTR Activity Is Broadly but Not Universally Conserved Across
Metazoan Evolution. To understand the mode of PSC-CTR evolution, we analyzed the experimentally validated PSC-CTRs in the context of established metazoan phylogenies (34) (35) (36) . Repressive PSC-CTRs are broadly conserved in invertebrates, spanning a diverse range of protostomes, including mollusks, annelids, nematodes, and arthropods (Fig. 4A) , and the deuterostome/chordate Ciona intestinalis. In order to increase the resolution of phylogenetic sampling, we predicted repressive activity in all PSC-CTRs that were annotated in our initial search of 28 diverse metazoan genomes (Table S1 ). Each organism was classified as either possessing or lacking repressive PSC-CTR(s).
Notably, we find that independent evolutionary transitions in PSC-CTR activity have occurred in multiple metazoan lineages (Fig. 4A) . Within the lophotrochozoans, repressive PSC-CTRs were predicted to be absent in the platyhelminthes Schistosoma japonicum and Schistosoma mansoni, while experimentally tested repressive PSC-CTRs were present in the mollusk Lottia gigantea and the annelid Helobdella sp. (Austin). Similar evolutionary transitions were observed in the deuterostomes, with the basal chordates Branchiostoma floridae and Ciona intestinalis-and not the more derived chordates Mus musculus and Danio reriopossessing repressive PSC-CTRs. In addition, the echinoderm Strongylocentrotus purpuratus, which represents a sister taxon to the chordates, was predicted to lack repressive PSC-CTRs. Within the arthropods, D. pulex lacked repressive PSC-CTRs (as supported by the biochemical analysis of D. pulex PSC1-CTR and PSC2-CTR) while seven other taxa in this phylum (Drosophila melanogaster, Drosophila pseudoobscura, Drosophila willistoni, Drosophila virilis, Anopheles gambiae, Bombyx mori, Ixodes scapularis) were experimentally verified to possess repressive PSCCTRs. It should be pointed out, however, that while the biochemical properties of repressive and nonrepressive PSC-CTRs are distinct, our confidence in prediction of repressive PSC-CTRs is higher than for nonrepressive ones since we do not know whether proteins with the reduced biochemical activity such as D. pulex PSC1-CTR might still contribute to gene regulation in vivo. Taken together, our comparative analysis suggests that PSC-CTR activity is not a static feature of PRC1, and may instead vary widely within independent lineages. This mode of evolutionary change is superimposed upon the broad conservation of repressive PSC across the metazoan phylogeny.
Plant PcG Protein EMF1 Has PSC-CTR-Like Properties. We extended our analysis beyond metazoans, and asked whether plant genomes also encode proteins with PSC-CTR-like activity. However, repressive PSC-CTRs could not be found in the distantly related eudicots Arabidopsis thaliana and Aquilegia coerulea (Table S1 ), which are separated by 120-130 million years of divergence (9) . This led us to wonder whether PRC1 function is conserved in plants. If so, a functionally similar PSC-CTR-like protein should be present. Previously, it was reported that the putative PRC1
subunit Arabidopsis thaliana EMBRYONIC FLOWER1 (EMF1) inhibits transcription from naked DNA templates in vitro (37) , and interacts physically with other PcG proteins, including the PRC1 subunits AtBMI1A, AtBMI1B, AtRING1A, and At-RING1B (37, 38) . We asked whether EMF1 has PSC-CTR-like properties. To this end, we cloned EMF1 from A. thaliana and Aquilegia vulgaris [a closely related species that is separated from A. coerulea by approximately 6 million years of divergence (39)] and expressed them in Sf9 cells for subsequent affinity purification (Fig. 4B) . Both A. thaliana and A. vulgaris EMF1 are predicted to be largely disordered, and exhibit low contiguous negative charge, consistent with our criteria for repressive PSC-CTRs (Fig. 4C) . The cloned A. vulgaris EMF1 was substantially shorter than the predicted sequence obtained from the Phyotozome database, suggesting that it could be a short isoform of the fulllength protein.
The shorter protein still fits the criteria for PSC- CTR-like repressive activity. We found that both A. thaliana and A. vulgaris EMF1 bind tightly to free DNA with K d of 1.5 nM and 2.5 nM, respectively (Fig. S6A ), similar to that observed for repressive PSC-CTRs. In addition, A. thaliana and A. vulgaris EMF1 inhibit chromatin remodeling with similar efficiency as D. melanogaster PSC-CTR, achieving 50% inhibition at a concentration of 3 nM and 8 nM, respectively (Fig. S6B) , similar to the repressive PSC-CTRs characterized in this study. Thus, EMF1 and D. melanogaster PSC-CTR could be considered as being functionally equivalent in these assays. To sum, we are unable to detect repressive PSC-CTRs in A. thaliana and A. vulgaris, and instead find that a PSC-like protein, EMF1, is present in these genomes. These data suggest that plant PRC1 and D. melanogaster PRC1 may be functionally conserved, except that a different subunit in each complex is responsible for PSC-like activity.
Discussion
We set out to determine the sequence properties that confer the biochemical activities of the PSC-CTR, and the extent to which the PSC-CTR is evolutionarily conserved. Our key findings are: i) PSC-CTR activity is determined (and can be predicted) by physical properties rather than sequence similarity. PSC-CTRs are large, intrinsically disordered, and have patches of positive charge interspersed with local negatively charged regions. High numbers of positively charged windows correlate with repressive activity, while an extended region of negative charge can disrupt PSC-CTR activity.
ii) The repressive activity of the PSC-CTR (involving nonenzymatic modification of chromatin structure) is broadly conserved across the metazoan phylogeny.
iii) The plant protein EMF1 may functionally replace the PSC-CTR in PRC1.
How Can the Sequence Properties of the PSC-CTR Explain Its Activities? Our data suggest the electrostatic properties of PSC-CTRs are important for their activity. Sections of the PSC-CTR that have local negative charge will be repelled from the chromatin. Because the intracellular screening length is small, only electrostatic interactions between charges in close proximity will contribute significantly to the PSC-CTR-chromatin-binding energy.
Regions of the protein that have net negative local charge (or are uncharged) can loop away from the chromatin to reduce the electrostatic repulsion. Positively charged residues within a section of the PSC-CTR with local negative charge are unlikely to be in close proximity to the nucleosome array, and so may not contribute to the PSC-CTR-chromatin-binding energy. This may explain why local charge distribution rather than global net charge predicts PSC-CTR activity (Fig. 3) . We suggest that the presence of multiple regions of local positive charge, separated by regions of local negative charge, allows the PSC-CTR to make multiple contacts over a long stretch of DNA or chromatin. Indeed, previous footprinting experiments with PRC1 indicate two complexes can protect close to 200 base pairs of DNA (40) . This could lead to bending of the DNA around the protein, which has been observed in scanning force microscopy experiments carried out with PRC1 bound to DNA (41), It could also lead to chromatin compaction if PSC bends the linker DNA, or contacts nonadjacent segments of chromatin, either of which would bring nucleosomes closer together (Fig. S7) . The distributed binding mode suggested by the properties of PSC-CTRs has been proposed for how other intrinsically disordered proteins interact with their binding partners, forming "binding clouds" through multiple low affinity, dynamic interactions (42) . Our data indicate a significant correlation between the biochemical activity of each PSC-CTR homologue, and the number of regions of high local positive charge (Fig. S4) . This is consistent with the idea that PSC-CTRs make multiple contacts with chromatin or DNA. We observe that extended stretches of contiguous negative charge, but not net-negative charge, disrupt PSC-CTR activity [the repressive Helobdella sp. (Austin) PSC-CTR has a net charge of −2.9]. Extended stretches of net-negative charge may directly interfere with protein-DNA binding by preventing stretches of the protein from approaching the chromatin, or may compete with DNA for binding to positively charged patches on the protein. They may also interfere with CTR-CTR interactions which are likely important for activity (28, 41) . One question is whether PSC-CTRs contain functional subdomains. Our biochemical analysis of D. melanogaster PSC suggests that both chromatin binding and self-interaction are important for inhibition of chromatin remodeling (28) . Structure-function analysis of PSC and phenotypic analysis of PSC mutant alleles reveal that the region between amino acid residues 456 and 909 is especially important for activity, since proteins lacking this region are not active in vitro or in vivo (16, 21) . D. melanogaster PSC (456-909) also satisfies our predictive criteria for repressive activity: It is predicted to be intrinsically disordered, exhibits low maximum contiguous negative charge, and is very similar in amino acid composition to D. melanogaster PSC-CTR (456-1603) (Fig. S8) . Furthermore, the magnitude and density of positively charged patches are greater in amino acids 456-909 than in any other region of D. melanogaster PSC (Fig. S8) . This underscores the importance of D. melanogaster PSC (456-909), since localized positive charge is correlated with repressive activity (43) (Fig. S4) .
Despite the importance of region 456-909 in contributing to PSC activity, the purified PSC 456-909 fragment binds chromatin but is impaired for inhibition of chromatin remodeling (28) . On the other hand, D. melanogaster PSC (1-910) and PSC (456-1603) are fully active in vitro, suggesting that either region flanking PSC 456-909 contributes to the core biochemical properties of PSC (16, 28) . We analyzed the charge properties of these truncated proteins and found that the maximum contiguous negative charge in D. melanogaster PSC 1-910, 456-1603, and 1-1603 is two-to threefold lower than PSC (456-909) (Fig. S8) . These data suggest that lowering contiguous negative charge across the whole protein by increasing its length "counterbalances" negatively charged regions in the CTR through an unknown mechanism. Indeed, the extent of contiguous negative charge in repressive PSCCTRs is inversely correlated with repressive activity (Fig. S9) . Future analysis of PSC-CTRs from other species will include testing them for self-association activity, which is not addressed in our current study, and testing whether they contain positively charged regions that are especially critical for interactions with chromatin.
Taken together, these observations provide a framework for considering how PSC-CTRs interact with chromatin in more detail; for example, which parts of the protein actually contact chromatin. They provide an explanation for how PSC can bind an extended region of DNA, or possibly multiple segments of DNA or chromatin. Together with our previous data demonstrating the importance of PSC-PSC interactions, we suggest the mode of binding of the PSC-CTR to chromatin and self-association between chromatin-bound CTRs together mediate compaction. In addition to noncovalent modification of chromatin, PSC also contributes to E3 ligase activity toward histone H2A (15) . This activity involves its RING finger, and is conserved in mammalian PSC homologues that lack a functional PSC-CTR (44, 45); mammalian E3 ligase complexes equivalent to the dRAF complex thus likely do not have sequences that noncovalently modify chromatin (46) . It is possible that for PSC-like proteins, noncovalent modification of chromatin affects histone ubiquitylation, perhaps by anchoring PSC to its chromatin substrate. It would be interesting to determine if histone ubiquitylation by the dRAF complex (containing PSC and dRING) on multinucleosome substrates displays different parameters than that mediated by equivalent mammalian complexes.
Evolution and Conservation of the PSC-CTR. Although PSC-CTR activity is broadly conserved across the metazoans, our phylogenetic analysis reveals that it may in fact vary widely in several independent lineages (Fig. 4A) . At least three independent evolutionary transitions in activity are likely to have occurred. Firstly, repressive PSC-CTRs are not found in the crustacean D. pulex, but are present in eight other arthropods that occupy basal and derived phylogenetic positions relative to D. pulex. Secondly, within the lophotrochozoans, the platyhelminth S. japonicum is predicted not to have a repressive PSC-CTR, while the mollusk L. gigantea and the annelid Helobdella sp. (Austin) possess repressive PSCCTRs. Thirdly, the basal chordate C. intestinalis possesses repressive PSC-CTRs, while the more derived chordates M. musculus and D. rerio and the echinoderm S. purpuratus are predicted to lack repressive PSC-CTRs.
Importantly, the loss of PSC-CTR activity is associated with the compensatory gain of a distinct but functionally analogous PRC1 subunit. For example, the vertebrates Danio rerio and Mus musculus lack repressive PSC-CTRs. Instead, they possess a distinct PRC1 subunit-M33-with analogous activities to D. melanogaster PSC-CTR (43) . Similarly, the angiosperms A. thaliana and A. coerulea lack repressive PSC-CTRs, but instead possess a functionally analogous PRC1 subunit, EMF1 (Fig. 4 and Fig. S6 ). The evidence presented in our study is consistent with the hypothesis that PRC1 activity is conserved across eukaryotes, while the identity of the functional subunit may vary between taxa (43, 47) .
What might contribute to the labile nature of PSC-CTR activity? Our comparative analysis indicates that there is low sequence conservation among repressive PSC-CTRs, and no conserved sequence motifs. Rather, the maximum extent of contiguous negative charge distinguishes between repressive and nonrepressive PSC-CTRs (Fig. 3B) . It is theoretically possible to modulate this charge feature through many different mutational paths, rendering its repressive activity intrinsically amenable to evolutionary change. These include nonsynonymous substitutions that alter charge density, and insertions or deletions that change the length of charged patches.
Central to the argument that the PSC-CTR is evolutionarily labile is the presence of genomes that lack repressive PSC-CTRs. Although it is possible that repressive PSC-CTRs were not found because of inadequate genome annotation, we believe that our conclusion about the lability of PSC-CTRs is robust. First, for two of the monophyletic groups (the deuterostomes and lophotrochozoans) in which an independent gain/loss of repressive activity was observed, multiple genomes were predicted to lack repressive PSC-CTRs. It is less likely that all of these genomes possess repressive PSC-CTRs that were not annotated. Secondly, we comprehensively queried genomes for PSC homologues using an inclusive e-value cutoff of 10 −5 . The PSC genes with repressive CTRs in our study yielded an average e-value of 4.85 × 10 −11 from our TBLASTN searches using the homology region of D. melanogaster PSC, well within the e-value cutoff of 10 −5 . The distant repressive PSC homologues outside of the arthropod clade yielded an average e-value of 2.06 × 10 −10 , still comfortably within the 10 −5 cutoff. Thus, it is unlikely that PSC homologues with repressive CTRs were excluded because of their e-values returned from the TBLASTN searches.
Interestingly, Caenorhabditis elegans PSC-CTR is classified as nonrepressive (Fig. S10A) . However, REA measurements indicate that full-length C. elegans PSC is repressive (43) . Analysis of the sequence of the C. elegans PSC suggests that the repressive activity lies in the N-terminal region (NTR), upstream of the RING finger. The NTR-but not the CTR-exhibits several key characteristics of repressive proteins: i) C. elegans PSC-NTR is predicted to be intrinsically disordered (Fig. S10B ). This stands in contrast to the CTR, which is predicted to be ordered (Fig. S10C); ii) The maximum contiguous negative charge of C. elegans PSC-NTR is lower than the CTR (whose value is very close to the cutoff for nonrepressive proteins) ( Figure S10A) ; iii) C. elegans PSC-NTR is more similar in amino acid composition to the repressive D. melanogaster PSC-CTR (Fig. S10A) . Indeed, C. elegans PSC-NTR-but not the CTR-satisfies the corresponding criteria for repressive activity (Fig. S10A) . These data suggest that the NTR and not the CTR of C. elegans PSC harbors repressive activity. More broadly, the reallocation of activity away from C. elegans PSC-CTR is consistent with the hypothesis that the repressive activity of PSC-CTR is not a static feature of PRC1.
Recent experimental data shows that the murine Polycomb (Pc) homologue, M33, possesses analogous biochemical properties to the repressive D. melanogaster PSC-CTR (43) , thus suggesting that M33 may functionally replace the PSC-CTR in mammalian PRC1. M33 satisfies our prediction criteria for repressive activity (Fig. S10A) . It should be noted, though, that C. elegans PSC-NTR and M33 are shorter and possess higher local positive charge than most repressive PSC-CTRs (Fig. S10 D-F) . C. elegans PSC-NTR and mouse M33 may thus constitute a distinct class of chromatin regulators that have both overlapping and distinct properties from the repressive PSC-CTRs we have studied, but retain similar biochemical activities.
In summary, we find that PSC-CTRs with little sequence similarity are, in fact, functionally equivalent because of their shared physical properties. Empirical measurements rather than sequence alignments must therefore be employed to determine PSC-CTR function, and allowed us to discover broad conservation of PSC-CTR function in metazoans and PSC-CTR-like function associated with PRC1 in plants. Our data show that primary sequence divergence cannot automatically be equated with functional divergence. This dichotomy may hold true more generally for intrinsically disordered regions, which also tend to evolve rapidly and exhibit poor sequence similarity (1).
Materials and Methods
Tissues, Cell Lines, and Nucleic Acid Samples. Whole (unsexed) tissue used for nucleic acid isolation and subsequent amplification of PSC-CTR sequences are listed in Table S2A .
Circular Dichroism. Far-UV circular dichroism (CD) analysis was performed at 25°C using a J-815 circular dichroism spectrometer (Jasco). Samples were dialyzed in 50 mM phosphate buffer pH 7.4, 150 mM NaF prior to CD analysis.
Identification of PSC-CTRs and PSC-CTR-Like Proteins. For all BLAST queries, the e-value cutoff was set to 10 −5 and partial sequences were excluded. All protein sequences are listed in Table S1A . Metazoan and plant genomes were queried for PSC-like sequences in Genbank or the Joint Genome Institute database with TBLASTN, using the homology region of D. melanogaster PSC (see Table S2B for PSC homology region sequence). Sequences that lacked the RING-finger domain (InterPro domain IPR001841) were excluded. Drosophilid PSC-CTRs were designated from similarity to D. melanogaster PSC-CTR or Su(Z)2-CTR sequences. For non-Drosophilid PSC homologues, the sequence downstream of the RING-finger domain was designated as the PSC-CTR. Several amino acids immediately downstream of the RING-finger domain were omitted from some PSC-CTRs to optimize PCR amplification. PSC-CTRs selected for biochemical analysis are listed in Table S2B . All amino acids upstream of this conserved region were defined as the N-terminal region (NTR). Sequences that lacked the C2H2-type zinc finger domain (InterPro domain IPR007087) were excluded. The Aquilegia corerulea genome was queried for EMF1 homologues using full-length Arabidopsis thaliana EMF1 (Uniprot accession no. Q9LYD9) and BLASTP in the Phytozome v7.0 database.
Cloning. PSC-CTR, EMF1, and Jing genes were amplified using iProof DNA polymerase (BioRad) from either genomic DNA (48), or from cDNA that was reverse transcribed (SuperScript II, Invitrogen; oligoðdTÞ 12-18 primer) from Trizol-isolated total RNA. PCR products were cloned into pCR8/GW/TOPO TA (Invitrogen), and transferred into pFBacFG (a modified pFastBac1 vector containing a FLAG tag upstream of Gateway destination vector cassette) through LR recombination (Invitrogen). All cloned sequences, primers used for amplification, and tissue sources for gDNA or RNA are listed in Table S2 .
Protein Expression and Purification. FLAG-tagged proteins were expressed in Sf9 insect cells using the Bac-to-Bac expression system (Invitrogen) as previously described (11, 49) .
Biochemical Assays. At least three independent measurements of each biochemical activity were performed for every protein, using two independent protein preparations. Double filter binding assays were performed as previously described (11, 25) to measure the apparent affinity of proteins for 32 P-labeled 157 base-pair DNA. Filters were quantified using a Typhoon Trio variable mode imager (GE Healthcare), and the fraction of bound DNA-overprotein titrations was fit to a single exponential curve to calculate the apparent dissociation constant (K d ). For binding data which did not fit a single exponential (R 2 < 0.985), the apparent K d was estimated from the graph of the points. Restriction enzyme accessibility (REA) assays were performed as previously described (20) .
Chromatin Assembly. A 12-nucleosomal G5E4 array (50) was prepared for REA assays by assembling HeLa core histones on chromatin templates through salt gradient dialysis, as previously described (51, 52) . Assembly of the G5E4 array was verified by EMSA after EcoRI digestion to release mononuclesomes as previously described (53) .
Motif Analysis. Conserved motif searches within repressive PSC-CTRs were performed using the MEME suite web server (54) . The width of allowable motifs was set to 2-50 amino acids, with no restriction on the number of copies of each motif within the PSC-CTR sequences.
Criteria for Prediction of Repressive Activity. PSC-CTRs were classified as repressive if they fulfilled all of these criteria: i) Sequence length greater than 500 amino acids; ii) More than 60% of the protein sequence is predicted to be structurally disordered, predictions were carried out using the VL3-BA algorithm under the PONDR prediction server at http://www.pondr.com (55) ; iii) The amino acid composition of each potential PSC-CTR was within 0.18 of D. melanogaster PSC-CTR. The distance is calculated as the square root of the sum of squared frequency differences for each of the 20 amino acids; iv) the number of contiguous negatively charged windows within the protein must not exceed 15% of its sequence length. Each window spanned 25 amino acids, so the first window contains sequence residues 1∶25 and the last window amino acids N-25∶N-1, where N is the sequence length. For each window, the charge Q at pH 7.9 was calculated as Q ¼ ∑ X Q X where Q x is the charge of each amino acid, given by Q X ¼ 10 7.9−pK X 10 7.9−pK X þ1 with the appropriate sign, and the pK X values were obtained from the emboss iep application (56) .
Design of Activated Charge Mutants. PSC-act1 and PSC-act2 were constructed strictly by rearranging amino acids within D. pulex PSC1-CTR. Thus, the overall amino acid composition and net charge of the protein of PSC-act1 and PSC-act2 was unchanged relative to D. pulex PSC1-CTR. To construct PSCact1, the longest stretch of contiguous negative charge in D. pulex PSC1-CTR (amino acids 12-150) was reduced in length by rearranging the negatively charged amino acids aspartic acid and glutamic acid. These residues were moved away from the long negatively charged patch, to regions of D. pulex PSC1-CTR that were positively charged (as computed by 25-amino acid sliding windows). In addition, negatively charged amino acids within the patch were rearranged to be in closer physical proximity to one another, in order to reduce the length of contiguous negative charge. In both cases, the negatively charged amino acids were only swapped with positively charged or uncharged polar amino acids to limit the disruption of the distribution of polarity across the protein. Together, these rearrangements reduced the length of maximum contiguous negative charge (normalized by protein length) in D. pulex PSC1-CTR from 0.193 to 0.067 (see Fig. 3G ).
PSC-act2 was constructed from PSC-act1 by rearranging charged amino acids outside of the longest contiguous negative charged patch, while leaving this region unchanged. To create dense patches of positive charge, positively charged amino acids were rearranged to be in closer proximity to one another. Only swaps with negatively charged or polar uncharged amino acids were allowed. These rearrangements gave rise to dense patches of positive charge within PSC-act2, resulting in an uneven distribution of charge relative to PSC-act1.
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